During the past fourteen years, the work in this laboratory has been confined largely to a study of different types of acute experimental nephropathy and of certain naturally acquired chronic nephropathies. Four hundred and forty-nine animals have been employed in the various series of experiments. In a large number of these animals some form of renal functional test was used. In 132 animals a functional study of the kidney was the primary object of the investigation. In this latter group of animals a variety of functional tests were made use of. With this large amount of experimental data available, a study has been undertaken of the function of the kidney in different types of nephropathic processes and of the association of changes in the acid-base equilibrium of the blood with variations in the functional and pathological response on the part of the kidney.
In the earlier series of experiments 1 which had as their object a study of the pathology of the acutely nephropathic kidney various substances were employed in an attempt to obtain some nephrotoxic agent which would produce in the kidney of the dog a reaction comparable to the acute nephropathy found in human material, in which the renal epithelium is primarily and more severely involved than is the vascular or interstitial tissue. The nephrotoxic agent which more nearly pro¬ duces this type of reaction on the part of the kidney is uranium in the form of the nitrate. Christian and O'Hare 2 have shown that in the rabbit, uranium induces an early injury to the glomerular vessels. In 21:79, 1912. 2. Christian, Henry A., and O'Hare, James P.: Glomerular Lesions in Acute Experimental (Uranium) Nephritis in Rabbits, J. Med. Res. 28:227, 1913. a later communication O'Hare3 has pointed out the difficulty of inducing these changes in the glomerular vessels of the dog's kidney. From a large number of experiments on dogs I can confirm this obser¬ vation. When uranium is given subcutaneously to the dog in small doses, properly spaced, the injury induced in the kidney is character¬ ized by an acute tubular injury with an acute engorgement of the renal vessels, occasionally a small amount of exúdate into the subcapsular space, but without degeneration in the vascular tissue. Substances such as the tartrates that have recently been employed by Underhill, Wells and Goldschmidt4 as nephrotoxic agents are too selective in their affinity for the tubular epithelium and produce too rapidly an extensive necrosis of this tissue for them to be employed in experiments in which an attempt is made to duplicate experimentally the acute pathology found in certain of the acute nephropathies of human material. A second consideration which makes uranium an especially appropriate substance to use in such experimental studies, is that during the recovery of the kidney from the acute injury the processes of repair as was shown by Dickson s for the kidney of the guinea-pig, and more recently by MacNider 6 for the kidney of the dog, lead to the develop¬ ment of a chronic diffuse type of nephropathy. In this chronic neph¬ ropathy the glomeruli show both a capsular and intracapillary type of injury. The tubules show changes of repair in the regeneration of a flattened type of epithelium, which takes the place of the more special¬ ized cells. Furthermore, functional studies in such nephropathic animals show these kidneys to resemble very closely the chronic diffuse nephropathy of human material, which originates as a reaction of repair to some diffusely acting nephrotoxic agent.
In the studies from this laboratory7 on the chronic naturally acquired nephropathy of the dog, it was shown that the more common 3. O'Hare, James P.: Acute Renal Lesions Produced by Uranium Nitrate in the Dog in Comparison with the Rabbit, Arch. Int. Med. 12:61, 1913 type of injury was one in which the glomerulus was damaged out of proportion to the degree of tubular injury. This observation has been recently confirmed for human material by Stengel, Austin and Jonas.8 Functional studies have been made in these naturally nephropathic animals and at a later period an acute tubular injury has been super¬ imposed on the chronic pathology by employing uranium nitrate or mercuric chlorid. In these animals functional tests have again been employed to study the effect on function of the acute injury. By such a procedure it has been found possible to induce in the dog a pathologic condition and a functional response very similar to that obtained in human material in which an acute condition develops during the course of a chronic nephropathy and which not infrequently serves as a terminal change.
In the following study of renal functional tests, the observations will be confined to the functional response of the kidney in three types of injury. First, the function of the kidney will be studied in the earlier stages of an acute uranium intoxication when the pathology of the kidney is very largely confined to the tubular epithelium. In the second group of animals, observations will be made on the func¬ tional response of the kidney late in the uranium intoxication, when as a result of the processes of repair in both the tubules and the glomeruli a subacute or chronic nephropathy is being produced. The third group of animals is represented by dogs with a chronic naturally acquired nephropathy in which the renal injury is very largely confined to the glomeruli. At a later period in the study of these naturally nephropathic animals, renal functional tests have been employed after an acute process of epithelial degeneration had been superimposed on the chronic pathology by the use of uranium nitrate or mercuric chlorid.
TECHNIC OF EXPERIMENTS
All of the animals employed in this study, whether normal or naturally nephropathic, have been subjected to a routine type of study both before and during the course of the experiments. One hundred and five animals have been employed in the various groups of experi¬ ments. In Group I, thirty-two animals have been studied during the early stages of an acute uranium intoxication. Twenty-eight animals have been employed in Group II, representing the later stages in an acute uranium intoxication, in which the changes of repair lead to the development of a chronic nephropathy. Forty-five animals have been used in Group III. This group is composed of naturally nephropathic 8. Stengel, A., Austin, J. H., and Jonas, L.: A Comparison of the Functional Findings in a Series of Cases of Renal Disease, Arch. Int. Med. 21: 313, 1918. animals. In these animals an acute epithelial injury has been super¬ imposed on the chronic naturally acquired pathology. All of the ani¬ males were kept in metabolism cages for from two to four days before any experimental procedure was commenced. During this period and after the commencement of the experiments, the animals were fed on bread containing a small amount of cooked meat. The animals received by stomach tube, once a day, 500 ex. of water. Those animals which were used during the summer months were watered twice a day. The female dogs were catheterized either once or twice a day, and the urine mixed with the cage urine for analysis. All of the animals, except a certain number of the naturally nephropathic animals, which were given mercuric chlorid, at some stage of the experiment received subcutaneously 4 mg. per kilogram of uranium nitrate at one injection. Both before and after the commencement of the experiments the following observations have been made. The urine was subjected to the ordi¬ nary qualitative analysis. Quantitative determinations of albumin were made with both Esbach's and Tsuchiya's reagents. The output of acetone and diacetic acid was determined by the method of Folin 9 as modified by Hart.10 The phenolsulphonephthalein elimination was determined for two hour periods according to the technic devised by Rowntree and Geraghty.11 The centrifugalized urines were examined for casts. Blood urea determinations were made by the method of Marshal12 as modified by Van Slyke and Cullen.13 The estimations of blood creatinin were made by colorimetrie determinations. A standard solution of creatinin in saturated picric acid was employed in prefer¬ ence to the standard potassium dichromate solution. The former solu¬ tion is more accurate. In studying the changes in the acid-base equilib¬ rium of the blood, the methods of Marriott14 have been employed to ascertain the alkali reserve of the blood and the tension of alveolar air carbon dioxid.
GROUP I. A FUNCTIONAL AND PATHOLOGIC STUDY OF THE KIDNEY IN THE EARLY STAGES OF AN ACUTE URANIUM

NEPHROPATHY
In previous publications 15 the observation has been recorded that the toxicity of uranium for the dog is very definitely associated with the age of the animal. Regardless of the weight of the animal, uranium is more toxic for the older animals than for the young animals. This is shown in the rapidity of the development and the severity of the kidney injury. This factor, together with the dose of uranium and the duration of the intoxication, has to be taken into consideration in order to obtain a nephropathy typical for the early stages of a uranium intoxication. In this first group of acutely nephropathic animals, this factor of the age of dogs has been taken into consideration. The experiments as detailed in Tables 1, 2, 3 and 4, not only show the course of the intoxication in its early stages, but also serve to empha¬ size the importance of the age of the animal in determining the acuteness and severity of the intoxication. Thirty-two dogs were employed in this first group of experiments. The animals were kept in metabolism cages and normal observations made for two to four days. A one-day period of normal observations is included at the commencement of each kidney is extremely sensitive to the effect of the general anesthetics. If an anesthetic is employed in such an experiment the epithelial path¬ ology of the kidney is grossly altered from the reaction induced by the nephrotoxic agent. A study of Tables 1, 2, 3 and 4 shows all of the animals to be normal prior to the use of uranium. The daily output of urine has varied from a minimum of 71 c.c to a maximum of 915 c.c. The urine of all of the animals was free from albumin and casts, and acetone and diacetic acid. The normal blood urea determinations varied from 15 to 18 mg. per hundred c.c. of blood. The blood creatinin determinations varied from 1.85 to 2.51 mg. per hundred c.c. of blood. The estima¬ tions have been very constant. In our experience, the blood creatinin for dogs has been somewhat higher than the findings of Myers and Lough 17 for human blood. The elimination of phenolsulphonephthalein in a two-hour period has varied between 69 and 84 per cent. The reserve alkali of the blood for the normal animals has varied between 8.0 to 8.1. The tension of alveolar air carbon dioxid in the different animals has shown a close correlation with the determinations of the alkali reserve. The tension of carbon dioxid in alveolar air has varied between 40 to 45 mm. of mercury. In two of the older animals of this series there was a lack of correlation between the determinations of the alkali reserve of the blood and the tension of carbon dioxid in alveolar air. At necropsy both of these dogs showed an advanced stage of pulmonary emphysema.
Following the commencement of the uranium intoxication, the effect on the daily output of urine is variable. In some of the animals there occurs an initial polyuria. This was the case in the animal of Experi¬ ment 4, Table 1 . The output of urine increased from 390 c.c. on the day prior to the uranium to 915 c.c. on the first day of the uranium intoxication. In other animals, as is shown in the tables, the daily output of urine remains unchanged, or a slight reduction occurs. In all of the animals of this group albumin appeared in the urine within the first twenty-four hours. At this very early stage of the kidney injury, the association of casts with the albumin was variable. In those animals in which only a trace of albumin was found in the urine casts have frequently not been present. In those animals in which 1 gm. or more of albumin appeared in the urine casts have invariably been present. In animals which have been killed at this very early stage of the nephropathy in which the urine showed a trace of albumin but no casts, the pathology of the kidney has consisted in an acute engorge¬ ment of the glomerular tufts and no epithelial degeneration. In those animals that have shown both an albuminuria and casts, the renal epithelium has shown an early degeneration. From this observation it would appear that cast formation is more definitely associated with epithelial injury than it is with the contact of blood albumin with the acid environment of the kidney. A study of the four tables of experi¬ ments representing this group of animals shows the old animals of the group to have a higher percentage of albumin in the urine on the 17. Myers, Victor C., and Lough, Walter G.: Creatinin of the Blood in Nephritis. Its Diagnostic Value, Arch. Int. Med. 16:536, 1915. first and subsequent days of the experiments than do the young ani¬ mals. This has been a very constant observation, and was the first point to call attention to the difference in the response of animals of different ages to a constant quantity of uranium. As will be noted, with the appearance of albumin in the urine there also occurs a reduc¬ tion in the reserve alkali of the blood, a decrease in the tension of alveolar air carbon dioxid, and a sharp reduction in the elimination of phenolsulphonephthalein. In our long series of experiments there has been a constant association between the depletion of the blood of its alkali reserve from the use of uranium and the appearance of albumin in the urine. It is difficult to say that the reduction in the reserve alkali of the blood is the cause of the albuminuria. It can, however, be stated that with the reduction in the alkali reserve of the blood which is effected by uranium there is an associated albuminuria. In a recent research by Karsner 18 on the toxic effect of uranium in dogs he has confirmed the occurrence of a depletion of the alkali reserve of the blood with the beginning of the kidney injury. In a certain number of his animals the albuminuria developed prior to the reduction of the alkali reserve of the blood. This has not occurred in our studies with a large number of animals. We have found a constant association between the reduction in the reserve alkali of the blood and the appearance of albumin in a specimen of catheterized urine obtained at the same time that the alkali reserve determination was made.
A further study of the tables of experiments of this group of acutely nephropathic animals shows that not only is the output of albumin in the urine greater in the older animals, but the reduction in the elimination of phenolsulphonephthalein, the depletion of the reserve alkali of the blood, and the decrease in the tension of alveolar air carbon dioxid, are all more sharply affected than is the case with the younger animals of the group. The animal of Experiment 4, Table 1 , 7 years old, on the first day of the uranium intoxication showed an albuminuria of 2 gm. per liter, a reduction in the output of phenolsul¬ phonephthalein from a normal of 84 per cent, to 20 per cent., a deple¬ tion in the reserve alkali of the blood from a normal of 8.1 to 7.9 and a reduction of the carbon dioxid tension of alveolar air from 45 to 33 mm. The young animal of Group 1, Table 4 , Experiment 20, 11 months old, showed during the first day of the uranium intoxication only a trace of albumin in the urine. The phenolsulphonephthalein elimination was only reduced from a normal of 78 per cent, to 60 per 18. Karsner, Howard T., Reimann, Stanley P., and Brooks, S. C.: Studies of Uranium Poisoning. IV. The Relation of Acid Intoxication to Nephritis, J. Med. Res. 39:177, 1918. cent., the reserve alkali of the blood was reduced from 8.0 to 7.95, and the tension of carbon dioxid in alveolar air was reduced from 40 to 33 mm.
A further study of the albuminuria during these experiments shows that as the severity of the kidney injury progresses, as indicated by a continuous reduction in the output of phenolsulphonephthalein, there occurs a decrease in the amount of albumin in thè urine. Associated with the diminishing ability of the kidney to secrete phenolsulphone¬ phthalein, there occurs a progressive reduction in the alkali reserve of the blood. There is a definite association between the severity of the kidney injury as shown by the phenolsulphonephthalein elimination and the depletion of the blood of its alkali reserve. There is, however, no correlation between the elimination of this dye and the disturbance in the acid-base equilibrium of the blood with the quantitative output of albumin in the urine. As will be seen in Experiment 4, on the second day of the uranium intoxication the urine showed 3.6 gm. of albumin per liter, the phenolsulphonephthalein elimination for two hours was only a trace and the alkali reserve of the blood showed a depletion to 7.85. On the sixth day of the experiment, with the total output of urine reduced to 74 c.c, the urine contained only a trace of albumin. The phenolsulphonephthalein output was negative, the reserve alkali of the blood was reduced to 7.7 and the tension of carbon dioxid in alveolar air was reduced to 12 mm. These experiments indi¬ cate very clearly that determinations of the quantitative output of albumin in the urine may give an entirely erroneous conception of the severity of the kidney injury. Each day during the course of these experiments at the same time that the previously mentioned observa¬ tions were made, examinations of the blood were undertaken for evi¬ dence of kidney injury as indicated by a retention of blood urea and creatinin.
A study of the four tables of experiments in this group of animals shows that a retention of both urea and creatinin occurs not later than the second day of the acute kidney injury. Table 1 , Experiment 4, which represents the older animals of the group, shows a retention of urea and creatinin on the first day of the experiment, while in the younger animals as indicated by Table 4 , Experiment 20, there is no retention of these substances as early as the first day of the experi¬ ment, and not until the fourth day is the retention marked.
The various tables of experiments also show a definite correlation between thé severity of the kidney injury as indicated by the elimina¬ tion of phenolsulphonephthalein and the degree of depletion of the blood of its alkaline reserve with a retention of both urea and creatinin.
In the old animal of Experiment 4. during the first day of the kidney injury from uranium, the elimination of phenolsulphonephthalein was reduced from a normal of 84 per cent, to 20 per cent., and the alkali reserve of the blood was depleted from 8.1 to 7.9. During this period a retention of blood urea occurred from a normal of 18 mg. per hun¬ dred c.c. to 59 mg. The blood creatinin showed a retention from a normal of 1.98 mg. to 2.41 mg. In the case of the younger animal of Table 4 , Experiment 20, with a less severe kidney injury, the same evi¬ dence of diminished renal function was shown, but the reduction in renal function developed more gradually. In this animal, on the first day of the renal injury, the phenolsulphonephthalein elimination was only reduced from a normal of 78 per cent, to 60 per cent., and the reserve alkali was only reduced from 8.0 to 7.95. During this first day there was no retention of either blood urea or creatinin. As the kidney injury progressed, as was shown by a further reduction in the elimination of phenolsulphonephthalein, there occurred both a retention of blood urea and creatinin. On the fourth day of this experiment, the elimination of phenolsulphonephthalein was 30 per cent., the blood urea retention was 80 mg. per hundred c.c, and the creatinin retention 4.91 mg.
From these observations it is clear that the earliest evidence of renal injury consists in a reduction in the output of phenolsulphonephthalein and the appearance of albumin in the urine. After a certain grade of renal injury is established there then occurs a retention of both urea and creatinin. During the remaining days of the experiments there has occurred with a progressive decrease in the ability of the kidney to eliminate phenolsulphonephthalein an increase in the retention of blood urea and creatinin. In the animal of Experiment 1, with a very severe kidney injury there was a retention of blood urea on the sixth day of the experiment of 284 mg., and a creatinin retention of 7.64 mg. In the animal of Experiment 20, with a less severe kidney injury, the blood urea retention was 80 mg., and the creatinin retention 4.71 mg.
During the course of these experiments determinations have been made of the time of appearance and quantitative output in the urine of both acetone and diacetic acid. These observations have been made in connection with changes in the alkali reserve of the blood and with the disturbance in renal function. A study of the table of experiments shows that the appearance of acetone and diacetic acid in the urine may or may not occur with the initial reduction in the alkali reserve of the blood. In Experiment 4, Table 1 , the alkali reserve of the blood was reduced during the first day of the experiment from 8.1 to 7.9.
The urine was free from both acetone and diacetic acid. In other animals of this group, Tables 2, 3 and 4, with a reduction in the alkali reserve, there also appeared in the urine both acetone and diacetic acid.
During the remaining days of the experiments with a progressive depletion in the alkali reserve, the output of acetone and diacetic acid in the urine not only failed to show an increase, but the output of both of these bodies was finally diminished.
A study of the tables from the standpoint of the influence of the degree of renal injury on the quantitative output of these bodies in the urine, shows that when the kidney is severely injured, as indicated by a negative elimination of phenolsulphonephthalein and a marked retention of blood urea and creatinin, that the output of acetone and diacetic acid is reduced and also that the reserve alkali of the blood shows a further depletion. It would appear from these observations that quantitative determinations of ketone bodies in the urine is in no sense a true expression of the disturbance in the acid-base equilibrium of the blood. The observations would furthermore indicate that wi:h the development of a sufficient degree of renal injury the elimination of these bodies is interfered with and their retention may explain the severe depletion in the alkali reserve of the blood which is associated with some types of severe kidney injury. REPORT 
ON MICROSCOPIC PATHOLOGY
All of the experiments included in Group 1 were terminated on the sixth day with the object of ascertaining the pathology of the kidney in a large number of animals that were showing the same type of func¬ tional response. Kidney tissue was at once removed and fixed in a 10 per cent, solution of liquor formaldehyd, Zenker's fluid and in a corrosive-acetic solution. Frozen sections were made from the liquor formaldehyd fixed tissue and stained for fat with Scharlach R. Sec¬ tions from the Zenker and corrosive-acetic fixed tissue were stained with hematoxylin and eosin.
The histologie study of this tissue from the thirty-two acutely nephropathic animals has shown the same type of renal injury. The glomerular vessels have been engorged with blood generally obliterat¬ ing the subcapsular space. In seven of the animals an exúdate of amorphous material, with no definite fibrin, was found in the capsular space and slightly compressed the capillary tufts. The exudates have shown a few red blood cells. The intertubular vessels showed a similar engorgement, but no exúdate has been observed between the tubules. The vascular tissue of the kidney has shown no other evidence of injury. Fat has not been demonstrated in the glomerular or intertubular vessels. No cellular reaction has been observed in the glomer¬ ular vessels. The vascular pathology in all of the animals has consisted in an acute engorgement of the vessels which has varied in severity.
The absence of thrombi in the vessels and the lack of any cellular reaction would argue against the existence of an injury of a degenera¬ tive character.
The pathologic response on the part of the kidney, which has been constant in type but which has varied in severity, has consisted in an acute injury to the renal epithelium. Two types of degenerative changes have occurred. The epithelium of the convoluted tubules has Fig. 1 .-Camera lucida drawing, Leitz oc. 2, obj. 6. The figure is from the kidney of the animal of Experiment 4, Table 1 , Group I. Following one injection of 4 mg. per kilogram of uranium, the animal developed a severe tubular nephropathy. The output of urine was greatly reduced. The alkali reserve was reduced to 7.7. The phenolsulphonephthalein elimination was negative. There was a retention of both blood urea and creatinin. At A is shown a normal glomerulus. At are shown the convoluted tubules severely swollen with a beginning necrosis. At C are junctional tubules containing casts.
shown the severest grade of injury. This injury has consisted in an acute swelling and vacuolation of the cells, which is followed by necrosis. Fat occurs in the degenerating epithelium in the form of numerous fine, dustlike granules. The epithelium of the ascending limb of Henle's loop has shown some swelling but no vacuolation. The cells of this type of epithelium contain a large amount of stainable fat. The fat in this epithelium appears in the form of large droplets which frequently fuse together and obliterate the structure of the cell (Fig. 1 ).
SUMMARY OF THE ACUTELY NEPHROPATHIC ANIMALS
OF GROUP I.
1. The injury induced in the kidney of the dog by one subcutaneous injection of 4 mg. of uranium nitrate per kilogram and extending over a period of six days is essentially a tubular nephropathy. The tubular injury is very largely confined to the convoluted tubule epithelium and to the epithelium of the ascending limb of Henle's loop.
2. The earliest functional disturbance indicative of the development of this injury has consisted in the appearance of albumin in the urine and a reduction in the elimination of phenolsulphonephthalein.
3. Coincident with the appearance of albumin in the urine and the reduction in the elimination of phenolsulphonephthalein there occurs a disturbance in the acid-base equilibrium of the blood, which is indi¬ cated by a reduction in the alkali reserve of the blood and a decrease in the tension of alveolar air carbon dioxid.
4. In such acute tubular nephropathies there exists a correlation between the degree of depletion of the alkali reserve of the blood and the elimination of phenolsulphonephthalein.
5. The quantitative output of albumin in the urine is no index of the severity of the renal injury. The output of albumin in the urine may progressively decrease, while the elimination of phenolsulphone¬ phthalein is reduced to a negative quantity. 6. Associated with the reduction in the alkali reserve of the blood, the appearance in the urine of ketone bodies is variable. The quanti¬ tative output of these bodies in the urine is not a quantitative expres¬ sion of the degree of disturbance in the acid-base equilibrium of the blood. With the development of a severe grade of renal injury as indicated by the elimination of phenolsulphonephthalein, the output in the urine of both acetone and diacetic acid is reduced. Associated with this reduced elimination of these bodies there occurs a further dis¬ turbance in the acid-base equilibrium of the blood which is indicated by a further depletion in the alkali reserve and a decrease in the tension of carbon dioxid in alveolar air. 7. After the establishment of the renal injury, as indicated by the appearance of albumin in the urine and a reduction in the elimination of phenolsulphonephthalein, there occurs a retention of blood urea and creatinin.
8. The percentage retention of these substances increases with the severity of the injury to the tubular epithelium. 9 . The rapidity with which the renal injury develops, the severity of the injury, and the degree of the functional disturbance as indicated by the various functional tests is strikingly influenced by the age of the animal. 10 . The older animals show a more severe type of nephropathy and an earlier and more marked functional disturbance than do the young animals. Twenty-eight dogs have been employed in this group of experi¬ ments. The animals have varied in age from 9 years and 2 months to 9 months. The acute renal injury has been produced in this group of animals in a manner similar to that for the first group. The animals were given subcutaneously one dose of uranium nitrate of 4 mg. per kilogram. The same general technic regarding food and water and the same tests for renal function and for ascertaining the degree of disturbance in the acid-base equilibrium of the blood have been employed in this group of animals as was used for the former group.
Depending on the age of the animals used in this second group of experiments, the animals may be divided into two classes, those animals which show a partial recovery from the acute renal injury and by the processes of repair in the kidney develop a chronic type of nephropathy, and those animals which are unable to further the processes of repair so that a chronic type of renal injury can be produced and so enable the animal to recover partially. The old animals of the group fall in this latter class, which fail to recover. We have been unable to obtain such recovery experiments in animals more than 2 years of age. The younger animals of the group have shown various degrees of recovery.
During the course of the uranium intoxication in these animals, the experiments have been terminated at various periods in order to observe the pathologic changes in the kidney at various stages in the functional recovery of the organ from the acute nephropathy. The earliest period for the termination of an experiment has been on the tenth day. The longest period for the duration of an experiment has been ninety-one days. For the sake of reducing the length of the tables in recording the course of these experiments, observations have only been recorded on every other day or in some instances on every fifth day of the experiment. Routine examinations were made, how¬ ever, every day for the duration of the intoxication.
In order to demonstrate the influence of the age of the animal on the course of the recovery three experiments have been selected from animals of different age periods. Experiment 24, Group 2, Table 5 was carried out in an animal 4 years and 2 months old. Experiment 31, Hrs., Table 7 was conducted in an animal 9 months old.
A study of the tables of experiments, which are representative of this group of animals, shows a response on the part of the animals similar in type to that described in detail for the animals of Group 1.
It will be noted, as was the case for the former group, that the func¬ tional disturbance of the kidney and the change in the acid-base equi¬ librium of the blood is more rapidly produced and is of greater severity in the old animal of Experiment 24 than it is in the young animal of Experiment 8. A study of Experiment 24, Table 5 , which represents the older group of animals, shows that during the first day of the uranium intoxication there occurred a sudden reduction in the reserve alkali of the blood from 8.1 to 7.95, a reduction in the'tension of carbon dioxid in alveolar air from 45 to 35 mm., a decrease in the elimination of phenolsulphonephthalein from 84 per cent, to 20 per cent., and the appearance of both albumin and casts in the urine. In these old and highly susceptible animals there furthermore occurs during the first day of the experiment a retention of both blood urea and creatinin. The blood urea retention is proportionately larger than is the retention of creatinin. In this susceptible group of old animals there occurs a rapid depletion in the reserve alkali of the blood, the elimination of phenolsulphonephthalein is reduced to zero in four to six days, and there occurs a progressive retention of blood urea and creatinin. In Experiment 24 the output of urine was decidedlv reduced by the sixth day, and by the tenth day the animal was anurie. On this day the reserve alkali of the blood had been depleted to 7.7 and the tension of alveolar air carbon dioxid had been reduced to 12 mm. The animal was semicomatose with an atypical type of air hunger breathing.
Blood urea showed a retention of 284 mg., as compared with the normal of 18 mg. and blood creatinin a retention of 6.18 mg. in contrast with the normal of 2.3 mg.
The pathologic study of the kidneys of these old animals that have shown no attempt to reestablish a normal acid-base equilibrium of the blood and, furthermore, no indication of a restoration of renal func¬ tion, have failed to show any evidence of reparative changes of a con¬ structive character. Mitotic figures have not been observed in the damaged renal epithelium, and no other evidence of regeneration has been obtained. The cells of the convoluted tubules in the uranium nephropathies of such duration are largely necrotic. Vacuolation and the associated swelling are marked, so that in many of the tubules the lumen has become obliterated by the edematous cells. These cells con¬ tain a large amount of fat. The cells of the ascending limb of Henle's loop show a similar type of reaction. The necrosis is not so extensive.
In such a prolonged injury from uranium the vascular tissue of the kidney becomes involved in the reaction. In addition to the acute engorgement of the glomerular vessels which was noted as the essential change in the vascular pathology during the early stage of a uranium nephropathy, in these injuries of longer duration thrombi have been observed in the tuft of capillaries. An exúdate containing fibrin has been noted in the subcapsular space adhering to the capsular epithelium. In such an exúdate as well as in the thrombi of the capillaries, endothelial leukocytes have been active. The capsular epithelium is swollen and in such injured cells mitotic figures have been observed. The acute nephropathy of ten days or more duration in these old and susceptible animals is not only characterized by an injury to the epithelium of the tubules, but by an injury to the glomeruli. Regenerative changes do not occur in the tubules of such animals and there is no attempt at a restoration of renal function.
A study of Experiments 3 and 8, Tables 6 and 7, which represent typical experiments in the younger animals of the group, show a similar type of response from uranium as did the older animals. The intoxi¬ cation in the younger animals, however, as is indicated by the dis¬ turbance in the acid-base equilibrium of the blood and by the various tests for renal function, is not so abrupt in its onset and the disturbance is not so marked early in the experiments. During the period of the acute kidney injury, before there occurs any evidence of a come-back on the part of the kidney, a marked depletion in the alkali reserve of the blood develops and renal function is seriously interfered with. In Experiment 3, by the tenth day of the uranium intoxication the reserve alkali of the blood had been depleted to 7.85, the output of phenolsul¬ phonephthalein was reduced to zero, there was a retention of blood creatinin of 3.41 mg. and of blood urea of 100 mg. With this degree of disturbance in the acid-base equilibrium of the blood and in renal function the urine showed only 0.2 gm. of albumin per liter. At this period of the experiment the urine contained both acetone and diacetic acid. It will be noted, however, that these bodies were present in less amount than they were early in the experiment when renal function was not so severely interfered with, and at which time the kidney was still able to secrete these bodies.
In Experiment 8, Table 7 , the same type of injury is induced. In this animal, on the twelfth day of the uranium intoxication, the reserve alkali of the blood was depleted to 7.75, and the tension of alveolar air carbon dioxid was reduced to 18 mm. Prior to this on the eighth day of the experiment the elimination of phenolsulphonephthalein had reached the zero point and remained negative for four days. On the twelfth day the injury to the kidney was furthermore shown by a creatinin retention of 4.75 mg. and a retention of blood urea of 297 mg.
Both acetone and diacetic acid were present in the urine, but present in a smaller percentage than was the case earlier in the experiment when all of the tests showed a higher grade of renal function. A con¬ tinuation of the study of Experiments 3 and 8, which were conducted in young dogs, shows that from the fourteenth to the eighteenth days of the nephropathy the injury to the kidney has reached its height. From this period to the termination of the experiments there is an attempt on the part of the kidney to reestablish some degree of function.
The pathologic studies have shown that commencing with this period of the experiment there is histological evidence of changes of repair and regeneration of renal epithelium. The first evidence of an improvement in renal function has consisted in the reappearance of phenolsulphonephthalein in the urine. In Experiment 3 the dye first appeared on the eighteenth day, while in Experiment 8 the appearance was first noted on the fourteenth day. _ For the first two to four days, after the reappearance of phenolsulphonephthalein, the output has been so small as to render difficult its determination. Following this period the output has increased so that in from four to eight days the elimination has increased from 10 to 14 per cent. With the reappear¬ ance of phenolsulphonephthalein in the urine no immediate change takes place in the retention of urea and creatinin, and neither is there any immediate change in the degree of depletion of the alkali reserve of the blood. In from four to six days after the first appearance of phenolsulphonephthalein in the urine, at which time the animals were eliminating from 10 to 24 per cent, of the dye, there has occurred a beginning increase in the alkali reserve of the blood.
At the same time that this change takes place in the blood, there has occurred an increase in the output in the urine of both acetone and diacetic acid. This observation would tend to show that a part of the disturbance in the acid-base equilibrium of the blood induced by uranium is due to a retention of acid bodies. Furthermore, that with an improvement in renal function as was indicated by the elimination of phenolsulphonephthalein, certain bodies which the kidney has been unable to secrete, for instance acetone and diacetic acid, are now eliminated, and with their removal there occurs a beginning reestablish¬ ment of the acid-base equilibrium of the blood. Experiment 8 very clearly illustrates these changes. For four days after the kidneys were eliminating from 14 to 24 per cent, of phenolsulphonephthalein there was no change in the alkali reserve of the blood. At the end of this period the reserve alkali increased from 7.8 to 7.9 and the tension of carbon dioxid in alveolar air increased from 20 to 30 mm. During this stage of the experiment the elimination of acetone increased from 6.064 to 14.713 mg. per hundred c.c. of urine, and the elimination of diacetic acid has increased from 12.498 to 21.931 mg. per hundred c.c.
A study of Experiments 3 and 8 furthermore shows that the threshold in the nephropathic kidney for the elimination of urea and creatinin is higher than it is for phenolsulphonephthalein. In Experi¬ ment 3 the retention of both urea and creatinin continued for four and six days, respectively, after the elimination of phenolsulphonephthalein had reached 10 per cent. Following this period there first occurred a decrease in the retention of blood urea and four days later the reten¬ tion of creatinin began to decrease.
A further study of these experiments shows that following the commencement of the period of improvement in renal function there occurs a gradual increase in the elimination of phenolsulphonephthalein, a decrease in the retention of urea and creatinin, and an increase in the reserve alkali of the blood to such an extent that the acid-base equilibrium of the blood is either restored or brought near the point of normality. In nine of the animals used in the group the functional capacity of the kidney underwent such an improvement during the period of recovery that between the eightieth and ninetieth days of the experiment the acid-base equilibrium of the blood had been restored to the normal. In the remaining animals of the group there occurred an increase in the reserve alkali, but the normal acid-base equilibrium was not reestablished.
The period of recovery of the kidney from the acute nephropathy with a partial return of renal function during the development of the chronic nephropathy is well shown in Experiment 8, Table 7 . At the height of the acute injury, on the twelfth day of the experiment, the reserve alkali was reduced to 7.75. In a two hour period there was no elimination of phenolsulphonephthalein. The blood showed a retention of 297 mg. of urea and a creatinin retention of 4.75 mg. At the ter¬ mination of the experiment on the sixtieth day the reserve alkali had increased to 8.0, and the tension of carbon dioxid in alveolar air to 40 mm. There was an elimination of phenolsulphonephthalein of 38 per cent, in two hours. The urea retention had been reduced to 49 mg. and the creatinin retention had decreased to 2.76 mg. A study of this experiment, and the following observation, shows even more clearly in those animals that are able to restore their acid-base equilib¬ rium to the normal that the elimination of phenolsulphonephthalein does not show a correlation in quantitative output with the change towards the normal in the alkali reserve of the blood. The elimination of phenolsulphonephthalein was in no instance over 40 per cent, in the nine animals that succeeded in reestablishing their normal acid-base equilibrium. An animal with a severe grade of chronic nephropathy may have a normal alkali reserve of the blood and a normal tension of carbon dioxid in alveolar air. As will be shown later in Group III, such a finding is no expression of the stability of the acid-base equilibrium in a given animal. Determinations of the alkali reserve of the blood can in no sense be employed as an index of renal function or as an index of the ability of the kidney to withstand injury. THE 
PATHOLOGY OF THE KIDNEY IN THOSE ANIMALS OF GROUP II THAT
HAVE RECOVERED FROM THE ACUTE RENAL INJURY WITH THE DEVELOPMENT OF A CHRONIC
NEPHROPATHY
The pathologic changes observed in the kidneys of this group of animals have depended on the stage of recovery at which the kidney tissue was obtained. The earliest evidence of repair in the kidney has been found between the eighth and fifteenth days of the intoxication.
It will be recalled in this connection that the earliest indication of any functional restoration developed between the fourteenth and eighteenth day and consisted in the reappearance of phenolsulphonephthalein in the urine. The first evidence of repair in the kidney has consisted in a beginning regeneration of tubular epithelium. This first occurs in the terminal portion of the proximal convoluted tubule and in the upper portion of the descending limb of Henle's loop. The regeneration of cells occurs by a process of indirect cell division of the epithelium in those portions of the tubule that have not been too severely injured. The newly formed cells are large and vesicular with hyperchromatic nuclei. Frequently the cell boundaries are not clearly differentiated. This gives rise to the formation in some tubules of a syncytial-like layer of epithelium which grows into the severely damaged convoluted tubule. At a later period the syncytial cyptoplasmic mass differentiates into cells. At this early period of the renal injury there has been found an early cellular intertubular fibrosis. The glomerular vessels are invaded with fibroblasts and endothelial leukocytes and the capsular epithelium is hyperplastic.
In experiments that were terminated later in the period of recovery, between the twentieth and thirtieth day, the changes of repair have shown an increase. Many of the convoluted tubules are lined by the newly formed epithelium, which, however, has become changed in character. The cells which at first were large and vesicular have flattened out so that the tubules are lined by regenerated cells of a flattened type with a small amount of surrounding cytoplasm. The nuclei are large in proportion to the cytoplasm, and frequently project on the free margin of the cell. These cells are less specialized in structure than are the normal cells of the convoluted tubule. At this stage of repair in the kidney, the intertubular connective tissue has become more fibrous in character. In the glomeruli there is an early laying down of connective tissue which mats together the capillary loops and the walls of the capillaries become thickened. Between the capillary tufts and the capsule, the laying down of young connective tissue results in the formation of adhesions. The capsules show an increase in spindle-shaped cells and later become thickened. Around the glomeruli there is an early cellular periglomerular fibrosis.
A review of Experiments 3 and 8 indicates that at this stage of the experiments, between the twentieth and thirtieth days, an improvement in the functional response of the kidney occurs which is indicated by a further increase in the elimination of phenolsulphonephthalein, which may be as much as 29 per cent. There has occurred a decrease in the retention of blood urea and creatinin, an increase in the elimination of ketone bodies and an increase in the alkali reserve of the blood.
The following observation is significant and of great importance that at this stage of the experiment when the tubular epithelium is being replaced, but when the glomeruli are being permanently damaged by the formation of fibrous tissue which obliterates the capillaries and causes a thickening of the capsule, there is a progressive increase in the functional capacity of the kidney. From this observation it appears only just to infer that the epithelial tissue of the kidney is of more functional value than is the vascular tissue.
The pathologic study of the kidney of animals late in the recovery from the acute renal injury when the chronic nephropathy has been definitely established shows a continuation of those processes of repair previously described. The replacement of a flattened and atypical type of epithelium in the convoluted tubules continues. Many of the tubules show the original convoluted tubule epithelium in various stages of degeneration, while other tubules show a regeneration of this type of cell. Such damaged cells show much stainable fat. The intertubular connective tissue, though not marked in amount, has changed from a cellular form to connective tissue made up of fibers and spindleshaped cells. In the glomeruli the amount of connective tissue in the Fig. 2. -Camera lucida drawing, Leitz oc. 2, obj. 6. The figure is from the kidney of the animal of Experiment 8, Table 7 , Group 2. The animal has partially recovered from an acute kidney injury from uranium with the devel¬ opment of a chronic nephropathy. The output of urine was normal. The urine contained a trace of albumin and casts. The reserve alkali was 8, phenol¬ sulphonephthalein elimination 38 per cent. There was a slight retention of blood urea and creatinin. At A is shown a glomerulus with the capillaries matted together and an increase in connective tissue nuclei. At is shown an early thickening of the capsule. At C are shown two of the original con¬ voluted tubules that are undergoing degeneration. At D the intertubular con¬ nective tissue is hyperplastic. At E are shown tubules lined by regenerated, flattened, atypical and less specialized epithelium. form of fibers has increased. Many of the capillary loops have become obliterated, and fibrous adhesions have formed between the capillary tufts and the capsule. The capillaries show a decrease in fibroblasts, but an increase in thickness from the laying down of connective tissue fibers. The periglomerular fibrosis at this stage of the injury con¬ sists of newly-formed connective tissue fibers, rich in fibroblasts.
The terminal pathology resulting from the repair of the acute kidney injury leads to the development of a chronic type of nephrop¬ athy, which is characterized by a replacement in the damaged tubules of a flattened and less specialized type of epithelium and by a per¬ manent injury to the glomeruli through the formation of connective tissue which is both intracapillary and capsular in location (Fig. 2 ).
SUMMARY OF THE ANIMALS OF GROUP II, WHICH RECOVERED FROM THE ACUTE RENAL INJURY WITH THE DEVELOPMENT OF
A CHRONIC NEPHROPATHY 1. The ability of the members of this group to recover has depended upon the age of the animal. The older animals become anurie, develop an atypical type of air hunger breathing and die either in coma or in a period of convulsions which may precede the coma. The younger animals of the group, after a period of severe renal injury, have recovered with the development of a chronic nephropathy.
2. The earliest evidence of a beginning recovery has consisted in the reappearance of phenolsulphonephthalein in the urine. As the per¬ centage output of the dye increases, there occurs an increase in the alkali reserve of the blood, and an associated increase in the tension of carbon dioxid in alveolar air. There is an attempt to reestablish the normal acid-base equilibrium of the blood. In nine of the animals the acid-base equilibrium has been restored to the normal. 3. Associated with the above evidence of an improvement in renal function there occurs an increase in the output of both acetone and diacetic acid in the urine.
4. After the kidney has established a certain degree of functional improvement there occurs, first, a decrease in the retention of blood urea, and second, a decrease in the retention of creatinin.
At the termination of all of the experiments, including those
animals in which the alkali reserve of the blood was restored to the normal, there existed marked evidence of renal injury, as was shown by the low output of phenolsulphonephthalein and some degree of retention of urea and creatinin.
6. The kidneys of those animals which have recovered to the point of establishing a chronic nephropathy, have shown histologically a regeneration of tubular epithelium, which is atypical and the establish-ment of chronic changes in the glomeruli which result in an obliteration and thickening of the capillary loops, a thickening of the capsule and the formation of adhesions between the capsule and the capillary tufts. Forty-five animals have been studied in this group of experiments. The course of four of the experiments which have been selected as representative of the group is detailed in Tables 8, 9, 10 and 11. Fol¬ lowing a period of study, two days of which is recorded in the tables, the animals were rendered acutely nephropathic by either uranium or mercuric chlorid. By such a technic an acute renal injury has been superimposed on the chronic injury. The course of the nephropathy is detailed in the tables until the termination of the experiment.
A study of these tables shows that the urine of all the animals con¬ tained a trace of albumin and casts. The animals were freely diuretic. The daily output of urine varied from 471 to 1,141 c.c The reserve alkali has varied between 8.0 to 8.1. The tension of alveolar air carbon dioxid has shown a correlation with this finding, and has varied between 38 to 42 mm. With the present interest which is being shown both in the laboratory and the clinic in studies of the acid-base equi¬ librium of the blood in the various nephropathies, the observation just made is of importance. Animals with certain types of chronic kidney injury may have a normal reserve alkali of the blood. In all of the animals the output of· phenolsulphonephthalein has been low. The elimination has varied between a maximum output of 53 per cent, and a minimum output of 33 per cent. The findings in this group of naturally nephropathic animals in so far as the reserve alkali of the blood and the elimination of phenolsulphonephthalein is concerned show a close resemblance to the observations made in the animals of Group II that recovered from an acute kidney injury with the develop¬ ment of a chronic nephropathy. The tables of experiments show furthermore that in these animals with a chronic naturally acquired nephropathy, even with a phenolsulphonephthalein elimination as low as 48 per cent., there may be no marked retention of either blood urea or creatinin. The blood urea in these animals has varied between 19 to 22 mg., and the creatinin between 2.0 to 2.31 mg. From these obser¬ vations it is clear that in the dog a chronic nephropathy may exist with no evidence of impaired renal function other than appearance in the urine of a trace of albumin with casts and a persistently low output of phenolsulphonephthalein.
Six animals with such functional findings have been killed and the pathology of the kidney studied. The histological changes in the kidneys of these animals have been similar to those previously described in another paper.7 The chronic pathology is very largely confined to the glomeruli. The glomeruli show both intracapillary and capsular changes. The tufts of capillaries are infiltrated with fibroblasts. The capillary walls are thickened from a laying down of intercapillary con¬ nective tissue. Many of the capillary loops are obliterated. The cap¬ sular epithelium is frequently hyperplastic and the capsule is rich in fibroblasts and thickened by fibrous tissue. A periglomerular fibrosis has frequently been observed. The tubular epithelium is histologically well preserved. Many of the convoluted tubules appear normal but in such epithelium fat can be constantly demonstrated by Scharlach R. In other convoluted tubules the epithelium is of the flattened, atypical, regenerated type, which has been previously discussed. The cells of the ascending limb of Henle's loop contain fat. In these naturally Hrs.
C.c.
Nephrotoxic Agent Urine in 24 Hrs., nephropathic animals with the pathologic changes in the kidney very largely confined to the glomeruli, the functional response may be normal with the exception of the presence of albumin in the urine and the low output of phenolsulphonephthalein (Fig. 3) .
The further study of the group of naturally nephropathic animals has consisted in producing an acute nephropathy with either uranium in one dose given subcutaneously of 4 mg. per. kilogram, or by employ¬ ing mercuric chlorid in one dose of 15 mg. per kilogram. The mercury was given to the animals by a stomach tube after they had been par- Fig. 3 .-Camera lucida drawing, Leitz oc. 2, obj. 6. The figure is from the kidney of one of six naturally nephropathic animals of Group III that were killed after a period of study and before an acute kidney injury was produced by either uranium or mercuric chlorid. The animal had an advanced chronic glomerulonephropathy with but little injury to the tubular epithelium. The daily output of urine was normal. The urine contained a trace of albumin and rarely a hyaline cast. The reserve alkali was 8. The elimination of phenolsulphonephthalein was 49 per cent. There was no retention of either blood urea or creatinin. At A is seen a very large glomerulus with capillary loops thickened and matted together. At is shown the thickening of the capsule and an adhesion between the capsule and the glomerular tuft. At C are shown convoluted tubules well preserved histologically. There is but slight granulation of the cytoplasm. The nuclei stain well. tially narcotized by morphin. In a recent paper 19 it has been shown that mercuric chlorid in such a dose produces an acute epithelial injury to the kidney and that this injury is associated with a rapid reduction in the reserve alkali of the blood.
A study of the four tables of experiments representing this group shows that on the day following the use of either one of these nephrotoxic agents, there occurs a sharp decrease in the output of urine, and that the amount of albumin in the urine and the number of casts shows an increase. Associated with this change in the urine there occurs a rapid depletion in the alkali reserve of the blood and a marked reduc¬ tion in the elimination of phenolsulphonephthalein. In the animal of Experiment 16 that received uranium, the output of urine was reduced on the first day from 742 to 618 c.c, and the albumin increased from a mere trace to 3.2 gm. per liter. The reserve alkali was reduced from 8.0 to 7.9 and the elimination of phenolsulphonephthalein from 51 per cent, to a trace which could not be determined. In the animal of Experiment 22, that received mercuric chlorid, the output of urine was reduced during the first day from 740 to 150 c.c, and the amount of albumin in the urine increased from 0.25 gm. to 1.25 gm. per liter. In this same period the reserve alkali of the blood was reduced from 8.0 to 7.8 and the elimination of phenolsulphonephthalein from 61 to 12 per cent. By the second day of the acute renal injury there had occurred a retention of both urea and creatinin. In the animal of Experiment 22 that received mercuric chlorid the same type of response occurred, though to a less marked extent. During the remaining one to four days of these experiments there occurs a continuation of these functional changes and a further disturbance in the acid-base equilib¬ rium of the blood. By the second or the third day all of the animals had become anurie and remained anurie until the termination of the experiments.
The experiments were terminated on the third to the fifth day following the use of the acutely acting nephrotoxic agent. During this period the reserve alkali of the blood was progressively depleted until such low readings as 7.7 to 7.65 were obtained in the various experi¬ ments. There was an associated decrease in the tension of alveolar air carbon dioxid. The elimination of phenolsulphonephthalein was early in the experiments reduced to zero and remained negative on the suc¬ ceeding days. The retention of blood urea and creatinin showed a pro¬ gressive increase.
At the termination of the experiments kidney tissue was obtained for histologie study. The vascular pathology of the kidney in these 19. MacNider, William deB.: A Study of Acute Mercuric Chlorid Intoxications in the Dog, with Special Reference to the Kidney Injury, J. Exper. animals with a naturally acquired chronic nephropathy that have received either uranium or mercuric chlorid, has shown no evidence of an acute injury other than the engorgement of the glomerular vessels. The vascular pathology is essentially that of a chronic glomerulonephropathy. The acute changes in the kidney that have been super¬ imposed on the chronic pathology consist in an acute injury to the Fig. 4 .-Camera lucida drawing, Leitz oc. 2, obj. 6. The figure is from the kidney of Experiment 11, Table 11 , Group III. The animals had a naturally acquired chronic glomerulonephropathy. An acute tubular nephropathy was superimposed on the chronic pathology by mercuric chlorid. The animal became anurie on the third day following the use of mercuric chlorid. The reserve alkali of the blood was reduced to 7.7. The phenolsulphonephthalein elimination in a two hour period was negative. There was a retention of blood urea of 184 mg. and of creatinin of S.OS mg. per 100 c.c. of blood. At A is shown a large glomerulus. The capillary walls are thickened and matted together. The glomerulus contains numerous connective tissue nuclei. At is shown an early thickening of the capsule of the glomerulus. At C are shown convoluted tubules the epithelium of which is severely swollen and vacuolated and beginning to undergo necrosis. tubular epithelium, and especially of the proximal convoluted tubules and the ascending limb of Henle's loop. These changes consist in an acute swelling, with granulation and vacuolation of the cells which is rapidly followed by necrosis. The convoluted tubule epithelium has shown a moderate amount of fat, while the epithelium of the ascending limb of Henle's loop has contained fat in a much larger amount. The acute injury produced in the naturally nephropathic kidney by the use of uranium or mercuric chlorid is confined to the tubular epithelium. The functional response of the kidney associated with this injury is characterized by a rapid reduction in the output of urine and an increase in the amount of albumin and number of casts. At the same time that this change occurs, the reserve alkali of the blood shows a marked depletion and the elimination of phenolsulphonephthalein is rapidly reduced to zero. Following this functional disturbance a rapid reten¬ tion of both blood urea and creatinin takes place which increases until the termination of the experiment. In such naturally nephropathic animals with ,an acute tubular injury there has been no histological evidence in the kidney, and no functional response to indicate a reestablishment of kidney function (Fig. 4 ). 1. The type of chronic naturally acquired nephropathy which has been observed in the dog is characterized anatomically by an injury to the glomerulus which is out of proportion to the severity of the changes in the renal epithelium. A similar observation has been made by Stengel, Austin and Jonas 8 for certain nephropathies in human material.
2. The functional response of the kidney in this type of injury is characterized by a low phenolsulphonephthalein output and by the presence in the urine of a small amount of albumin. Casts have been constantly present.
3. In such nephropathies with the injury very largely confined to the glomeruli and with an elimination of phenolsulphonephthalein which has varied between 53 to 38 per cent, there has not occurred a retention of either blood urea or creatinin. From this observation it would appear that for this type of chronic vascular injury the phenol¬ sulphonephthalein elimination test is of more value than are the reten¬ tion tests of blood urea and creatinin. It would furthermore appear that the injury to the kidney as indicated by the elimination of phenol-sulphonephthalein must be of a severe type before kidney function becomes sufficiently impaired to indicate the injury by a retention of these substances.
4. Naturally nephropathic animals with but slight histologie evi¬ dence of injury to the tubular epithelium, but with a marked glomerulonephropathy, may be able to maintain a normal acid-base equilibrium of the blood as is indicated by the reserve alkali of the blood and the tension of carbon dioxid in alveolar air. Such an observation is, how¬ ever, no index of the stability of the acid-base equilibrium. When such animals are subjected to the action of agents as uranium or mercuric chlorid that are known to disturb the acid-base equilibrium in normal animals, in these naturally nephropathic animals the depletion of the blood of its alkali reserve occurs more suddenly and to a greater extent than is the case in normal animals. The acid-base equilibrium in a naturally nephropathic animal may be maintained at the point of nor¬ mality, but when the mechanism which effects such a maintenance is subjected to the strain of maintaining it against an accumulation of acid ions, its lack of stability is shown by a rapid reduction in the alkali reserve with the development of an acid intoxication. 5. Following the use of either uranium or mercuric chlorid in these naturally nephropathic animals there occurs a rapid reduction in the alkali reserve of the blood and a marked reduction in the ability of the kidney to eliminate phenolsulphonephthalein. Within twenty-four hours the elimination of the dye has been reduced to a trace, or it has failed to appear in the urine. Associated with these changes the out¬ put of urine is sharply reduced and the amount of albumin in the urine is increased. Later during the course of the acute kidney injury, from one to three days after the initial reduction in the output of phenolsulphonephthalein, there develops a rapid retention of both blood urea and creatinin. These animals become rapidly anurie During the development of the anuria, the reserve alkali of the blood continues to be depleted, no phenolsulphonephthalein appears in the urine, and the retention of blood urea and creatinin show a progressive increase.
6. At the termination of such experiments the histologie study of the kidneys has shown the essential pathology which develops in the naturally nephropathic animals from the use of uranium or mercuric chlorid to consist in an acute tubular injury without any acute injury having been superimposed on the chronic glomerular pathology. From this observation the deduction appears permissible that the functional capacity of the naturally nephropathic kidney, as indicated by the ability of such a kidney to form urine and to eliminate phenolsulphone¬ phthalein, urea and creatinin is more dependent on the histologie pres¬ ervation of the renal epithelium than it is on the preservation of the normal structure of the glomeruli.
GENERAL DISCUSSION
The foregoing study has been concerned with two main points:
The value of certain tests for renal function in definite types of acute and chronic renal disease, and of the influence of the disturbance in the acid-base equilibrium of the blood which occurs in these nephrop¬ athies on the pathology of the kidney and on its functional response.
In our earlier studies on renal function, tests other than those employed in the present investigation were made use of. These tests included a study of the elimination of sodium chlorid, lactose and potassium iodid as first used by Schlayer and Takayasu 20 and later employed by Rowntree, Fitz and Geraghty.21 In addition to these tests, studies of renal function were conducted by employing Ambard's coefficient for urea elimination as modified by McLean 22 and exten¬ sively used in the studies of Mosenthal and Sclater.23 In our later studies, including those found in this paper, these tests have not been employed. In our experience, the elimination of sodium chlorid, lac¬ tose and potassium iodid have been so variable, even in nephropathies in which one fairly definite type of injury was found to exist, that their value has become questionable. The use of Ambard's coefficient has been discontinued as a functional test, for it gives less accurate information of the ability of the kidney to secrete a substance than does the phenolsulphonephthalein test. Furthermore, as has been recently pointed out by Addis and Watanabe,24 the rate of urea excre¬ tion in man varies in a manner which cannot be explained by the con¬ centration of urea in the blood and urine. For these reasons, we have confined our observations to the use of the phenolsulphonephthalein test as an index of the immediate functional capacity of the kidney and have used estimations of blood urea and creatinin as indices of retention.
These tests have been employed in animals with a naturally acquired or experimentally produced nephropathy. The experiments were terminated at different periods during the renal injury and observa-tions made on the functional capacity of the kidney in connection with a definite pathologic state as found in the kidney. In an animal with a pure tubular injury as is produced by uranium in the early days of the intoxication, the first functional disturbance on the part of the kidney consists in a reduction in the elimination of phenolsulphone¬ phthalein, the appearance of albumin in the urine and associated with these functional changes there is a reduction in the reserve alkali of the blood. There is a definite relationship between the injury to the tubular epithelium, the reduction in the elimination of phenolsulphone¬ phthalein and the appearance of albumin and casts in the urine. At this stage of such an experiment there is no glomerular injury. At this early period of such experiments, it is difficult to state just what the relationship is from the standpoint of causation, between the reduction in the reserve alkali of the blood and the establishment of the injury to the tubular epithelium. By the methods which have been employed in this study, our observation has been that the reduction in the reserve alkali of the blood and the development of the tubular injury either occur at the same time or the depletion of the alkali reserve of the blood occurs prior to the development of the tubular injury, as is shown by the elimination of phenolsulphonephthalein, and the appearance of albumin and casts in the urine. This early change in the acid-base equilibrium of the blood should not be looked on as a disturbance due to retention from an injury to the kidney. The naturally nephropathic animals have shown that the acid-base equilib¬ rium may be normal and yet there may be a decrease in the elimina¬ tion of phenolsulphonephthalein which is much lower than is the reduc¬ tion in the elimination of the dye when the early disturbance in the acid-base equilibrium of the blood occurs.
An investigation 25 concerning the way in which uranium induces the kidney injury appeared some years ago. In this study it was shown that the toxic effect of uranium for the tubular epithelium of the kidney could be prevented by the use of intravenous injections of sodium carbonate prior to the use of uranium. If the disturbance in the acid-base equilibrium of the blood was prevented by the use of such an alkaline solution, uranium lost its selective and toxic effect for the renal epithelium. It was furthermore shown that such an alkaline solution had no detoxicating effect on a solution of uranium, for the uranium could be dissolved in an alkaline solution, injected subcutaneously in the usual dose and produce the acute tubular nephropathy. The way in which uranium induces a depletion of the alkali reserve of the blood which in turn is associated with the development of an injury to the tubular epithelium is now under investigation. Very recently 26 the observation has been made that in intoxications by both uranium and mercuric chlorid which induce a kidney injury that is associated with a depletion in the alkali reserve of the blood, the liver shows evidence of injury prior to the development of the kidney injury. The injury to the liver is associated with the earliest dis¬ turbance in the acid-base equilibrium of the blood. When we consider the importance of the liver in connection with oxidations, the above observation may be of importance in explaining the disturbance in the acid-base equilibrium of the blood which in turn is associated with the development of the epithelial degeneration in the kidney.
In these acutely nephropathic animals with primarily a tubular injury the elimination of phenolsulphonephthalein is rapidly reduced, and after the functional capacity of the kidney as is indicated by the output of this dye has been seriously disturbed, there occurs a retention, first of urea which is followed within twenty-four to forty-eight hours by a retention of creatinin. From this observation we infer that the phenolsulponephthalein test is a more sensitive index of renal function than are the retention tests of blood urea and creatinin. The further inference appears allowable, that all of these substances, phenolsul¬ phonephthalein, urea and creatinin, are eliminated by the renal epi¬ thelium. This conclusion is furthermore strengthened by the study of the elimination of these substances in animals that have recovered from an acute tubular nephropathy (Group II), and by the group of naturally nephropathic animals (Group III) which have been rendered acutely nephropathic. In the animals that recover from uranium the process of recovery is characterized anatomically by a regeneration of tubular epithelium and by obliterative and sclerotic changes in the glomeruli. Associated with these anatomic findings the functional recovery of the kidney is shown first by the reappearance and an increase in the elimination of phenolsulphonephthalein, and later, when further regeneration of renal epithelium has occurred ; but when more extensive destructive changes have taken place in the glomeruli, there occurs a decrease in the retention of both urea and creatinin.
The group of naturally nephropathic animals which were rendered acutely nephropathic by uranium or mercuric chlorid has shown a similar type of functional response. These animals had a definite chronic glomerulonephropathy which was out of proportion to the degree of tubular injury. In such animals there was a moderate reduc¬ tion in the elimination of phenolsulphonephthalein and blood urea creatinin were either normal or showed a slight retention. When, how¬ ever, an acute tubular injury was superimposed on the chronic vascular pathology by the use of uranium or mercuric chlorid, there occurred a sharp reduction in the elimination of phenolsulphonephthalein which in eight animals became negative within twenty-four hours, and also a rapid retention of both urea and creatinin.
A study of the disturbance in the acid-base equilibrium of the blood in the later stages of the acute nephropathy from uranium, shows that as the severity of the tubular injury increases, there is a progressive decrease in the alkali reserve of the blood and an associated reduction in the tension of carbon dioxid in alveolar air. This disturbance may go to the point of placing the animal in a state of air hunger and coma. During this depletion in the alkali reserve of the blood, there appears in the urine both acetone and diacetic acid. After a certain degree of functional disturbance has been produced in the kidney, the elimination of these ketone bodies is decreased and associated with this change in their quantitative output, there occurs a further reduction in the alkali reserve of the blood. From this observation it is inferred that a part of the depletion of the alkali reserve of the blood which occurs late in a tubular injury of the kidney is due to a retention of acid bodies which is dependent upon the inability of the severely damaged tubular epithelium to eliminate such substances. This inference is strengthened by the further observation that when animals recover from the acute tubular injury by the regeneration of tubular epithelium, as is shown by an increase in the elimination of phenolsulphonephthalein and by a decrease in the retention of urea and creatinin, there occurs an increase in the output in the urine of both acetone and diacetic acid. Associated with the increased elimination of these bodies, there occurs an increase in the alkali reserve of the blood and an increase in the tension of alveolar air carbon dioxid.
With the improvement in renal function of animals recovering from an acute uranium nephropathy there is a continued increase in the alkali reserve of the blood which may reach the point of normality.
In such animals, even though sufficient regeneration of tubular epi¬ thelium has occurred to maintain a normal acid-base equilibrium, the existence of the chronic nephropathy is indicated by the low output of phenolsulphonephthalein and by the retention of urea and creatinin. A similar observation has been made for the naturally nephropathic animals. Such animals with a marked glomerulonephropathy and relatively well preserved tubular epithelium may show a normal alkali reserve of the blood and yet the elimination of phenolsulphonephthalein may be low and there may or may not be a retention of urea and creatinin. The existence of a normal alkali reserve of the blood is, however, no index of the stability of the acid-base equilibrium. When such animals are given either uranium or mercuric chlorid, there occurs a very rapid depletion of the alkali reserve with an associated injury to the tubular epithelium, a very rapid reduction in the elimination of phenolsulphonephthalein, a retention of blood urea and creatinin and a decrease in urine formation which soon leads to the establishment of an anuria. CONCLUSIONS 1. The acute tubular nephropathy which is produced by uranium is associated with the ability of the metal to effect a disturbance in the acid-base equilibrium of the blood. The tubular injury is more marked in an old animal than in a young animal. In an old animal the deple¬ tion of the alkali reserve of the blood occurs more rapidly and is more pronounced than is the case in a young animal.
2. This injury to the kidney is indicated functionally, first by a reduction in the elimination of phenolsulphonephthalein and later by a retention of blood urea and creatinin.
3. Asssociated with the establishment of such an injury both albumin and casts appear in the urine. The amount of albumin in the urine is no index of the severity of the pathology in the kidney or the degree of functional disturbance. The quantitative output of albumin may show a progressive decrease, while at the same time the elimina¬ tion of phenolsulphonephthalein is rapidly decreasing, and both urea and creatinin are showing a retention. 4. A certain number of the animals rendered acutely nephropathic by uranium have recovered from the acute injury with the development of a chronic nephropathy. Those animals which effected a recovery were young animals. The old animals were unable to establish and further those changes of repair which lead to recovery with a chronic nephropathy. The changes in the kidney during the period of recovery have consisted in the regeneration of tubular epithelium of a flattened and less specialized type and of the production of chronic obliterative and sclerotic changes in the glomeruli. With the establishment of this type of chronic injury there occurs an increase in the alkali reserve of the blood which may reach the point of normality. There is an increase in the elimination of phenolsulphonephthalein and a decrease in the retention of blood urea and creatinin. 5. From these anatomic and functional observations the inference is drawn that the tubular epithelium is of more importance in maintain¬ ing a normal acid-base equilibrium of the blood, and is more concerned with the elimination of phenolsulphonephthalein, urea and creatinin than is the vascular mechanism of the kidney.
6. Similar observations have been made in a group of naturally nephropathic animals in which the chronic injury to the kidney has consisted in a glomerulonephropathy with histologically well preserved tubular epithelium. In such animals the reserve alkali of the blood may be normal, the elimination of phenolsulphonephthalein may be only slightly reduced, and there may be no retention of blood urea and creatinin. When, however, an acute tubular injury is superimposed on this chronic injury by uranium or mercuric chlorid there occurs an early edema and necrosis of the tubular epithelium without the develop¬ ment of any acute injury to the glomeruli. Such an injury has been associated with a rapid depletion of the alkali reserve of the blood and an associated decrease in the tension of carbon dioxid in alveolar air.
The acute injury is expressed functionally by a rapid reduction in the elimination of phenolsulphonephthalein and by a retention of blood urea and creatinin. The animals become acutely anurie and die in convulsions or in a coma which may not be preceded by convulsions.
7. The present investigation, which has been concerned with cer¬ tain functional and anatomical studies in different types of nephropathic processes, tends to minimize the importance of the glomerulus as a functional unit and to emphasize the relative importance of the tubular epithelium. The investigation furthermore points out the influence of a disturbance in the acid-base equilibrium of the blood on the histology and functional capacity of the renal epithelium.
